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GATE ALL-AROUND FINFKFET DEVICE AND A
METHOD OF MANUFACTURING SAME

TECHNICAL FIELD

The field generally relates to fin field-effect transistor (Fin-
FET) devices and methods of manufacturing same and, 1n
particular, to gate-all-around FinFET devices formed using
condensation.

BACKGROUND

Fin field-effect transistor (FinFET) devices include a tran-
sistor architecture that uses raised source-to-drain channel
regions, referred to as fins. A FinFE'T device can be built on a
s1licon-on-1nsulator (SOI) substrate, where a semiconductor
material, such as silicon, 1s patterned into a fin-like shape and
functions as the channel of the transistor.

A gate can be wrapped around and over the fin. A double or
dual gate structure includes a gate oxide and gate contact
formed on two sides of the channel. A 3D or tri-gate FinFET
includes a gate structure wrapped on three sides of a fin.
Gate-all-around FinFETs include gate structures that sur-
round the channel region on all sides, e.g., on all four sides of
the fin.

Gate-all-around FinFETs have improved electrostatics
over tri-gate or double-gate devices due to improved gate
control. However, nanowires tend to have a smaller perimeter
than fins, and also larger external resistance due to the under-
spacer component.

SUMMARY

In general, exemplary embodiments of the invention
include fin field-effect transistor (FinFET) devices and meth-
ods of manufacturing same and, 1n particular, gate-all-around
FinFET devices formed using condensation.

According to an exemplary embodiment of the present
invention, a method for manufacturing a fin field-effect tran-
sistor (FinFET) device comprises patterning a first layer on a
substrate to form at least one fin, patterning a second layer
under the first layer to remove a portion of the second layer on
sides of the at least one fin, forming a sacrificial gate electrode
on the at least one fin, and a spacer on the sacrificial gate
clectrode, selectively removing the sacrificial gate electrode,
depositing an oxide layer on top and side portions of the at
least one fin corresponding to a channel region of the at least
one fin, performing thermal oxidation to condense the at least
one fin 1n the channel region until a bottom portion of the at
least one fin 1s undercut, and stripping a resultant oxide layer
from the thermal oxidation, leaving a gap in the channel
region between a bottom portion of the at least one fin and the
second layer.

According to an exemplary embodiment of the present
invention, a method for manufacturing a fin field-efiect tran-
sistor (FinFET) device comprises patterning a first layer on a
substrate to form at least one fin, forming a sacrificial gate
clectrode on the at least one fin, and a spacer on the sacrificial
gate electrode, selectively removing the sacrificial gate elec-
trode, depositing an oxide layer on top and side portions of the
at least one fin corresponding to a channel region of the at
least one fin, performing thermal oxidation to condense the at
least one {in 1n the channel region until a bottom portion of the
at least one fin 1s undercut, and stripping a resultant oxide
layer from the thermal oxidation, leaving a gap in the channel
region between a bottom portion of the at least one {in and a
second layer under the at least one fin.
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According to an exemplary embodiment of the present
invention, a fin field-etfiect transistor (FinFET) device com-

prises at least one fin formed on an oxide layer, a gap 1n a
channel region of the at least one fin between a bottom portion
of the at least one fin and the oxide layer, wherein the gap
includes an undercut 1n the bottom portion of the at least one
fin, and a recessed portion of the oxide layer, and a gate
structure around the at least one fin, including 1n the gap on an
underside of the at least one {in.

These and other exemplary embodiments of the invention
will be described 1n or become apparent from the following
detailed description of exemplary embodiments, which 1s to
be read 1n connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the present invention will be
described below 1n more detail, with reference to the accom-
panying drawings, of which:

FIG. 1A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of the illustrated layers
to 1llustrate formation of an S1Ge layer 1n a method of manu-
facturing a FinFET device, according to an exemplary
embodiment of the present invention.

FIG. 1B 1s a cross-sectional view taken along line A-A' 1n
FIG. 1A to show a front view of the illustrated layers, accord-
ing to an exemplary embodiment of the present invention.

FIG. 2A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to 1llustrate fin
formation 1n a method of manufacturing a FinFET device,
according to an exemplary embodiment of the present inven-
tion.

FIG. 2B 1s a cross-sectional view taken along line B-B' 1n
FIG. 2A to show a front view of the fin, according to an
exemplary embodiment of the present invention.

FIG. 3 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to illustrate
sacrificial gate and spacer formation 1n a method of manufac-
turing a FinFET device, according to an exemplary embodi-
ment of the present invention.

FIG. 3B 1s a cross-sectional view taken along line C-C' 1n
FIG. 3A to show a front view, according to an exemplary
embodiment of the present invention.

FIG. 4 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to illustrate
growth of doped source/drain (S/D) regions 1n a method of
manufacturing a FinFET device, according to an exemplary
embodiment of the present invention.

FIG. 4B 1s a cross-sectional view taken along line D-D' 1n
FIG. 4A to show a front view, according to an exemplary
embodiment of the present invention.

FIG. 5A 15 a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to illustrate
formation of an interlayer dielectric (ILD) layer 1n a method
of manufacturing a FinFET device, according to an exem-
plary embodiment of the present invention.

FIG. 5B 1s a cross-sectional view taken along line E-E' 1n
FIG. SA to show a front view according to an exemplary
embodiment of the present invention.

FIG. 6 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to illustrate
removal of a sacrificial gate 1n a method of manufacturing a
FinFET device, according to an exemplary embodiment of
the present invention.

FIG. 6B 1s a cross-sectional view taken along line F-F' 1n
FIG. 6A to show a front view, according to an exemplary
embodiment of the present invention.
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FIG. 7 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to illustrate

formation of an oxide 1n a method of manufacturing a FinFET
device, according to an exemplary embodiment of the present
invention.

FIG. 7B 1s a cross-sectional view taken along line G-G' in
FIG. 7A to show a front view, according to an exemplary
embodiment of the present invention.

FIG. 8 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to 1llustrate a
thermal oxidation process in a method of manufacturing a
FinFET device, according to an exemplary embodiment of
the present invention.

FIG. 8B 1s a cross-sectional view taken along line H-H' in
FIG. 8A to show a front view, according to an exemplary
embodiment of the present invention.

FI1G. 9A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin to illustrate
stripping of an oxide in a method of manufacturing a FinFET
device, according to an exemplary embodiment of the present
invention.

FIG. 9B 1s a cross-sectional view taken along line I-I' in
FIG. 9A to show a front view, according to an exemplary
embodiment of the present invention.

FIG. 10A 1s a cross-sectional view taken along a line par-
allel to an extension direction along a side of a fin to 1llustrate
removal of a hard mask in a method of manufacturing a
FinFET device, according to an exemplary embodiment of
the present invention.

FIG. 10B 1s a cross-sectional view taken along line J-I' in
FIG. 10A to show a front view, according to an exemplary
embodiment of the present invention.

FIG. 11A 1s a cross-sectional view taken along a line par-
allel to an extension direction along a side of a fin to 1llustrate
metal gate formation 1n a method of manufacturing a FinFET
device, according to an exemplary embodiment of the present
invention.

FIG. 11B 1s a cross-sectional view taken along line K-K' in
FIG. 11A to show a front view, according to an exemplary
embodiment of the present invention.

FIG. 12A 1s a cross-sectional view taken along a line par-
allel to an extension direction along a side of a fin to 1llustrate
S/D contact formation 1n a method of manufacturing a Fin-
FET device, according to an exemplary embodiment of the
present invention.

FI1G. 12B 1s a cross-sectional view taken along line L-L' in
FIG. 12A to show a front view, according to an exemplary
embodiment of the present invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Exemplary embodiments of the invention will now be dis-
cussed 1n further detail with regard to fin field-eflect transistor
(FinFET) devices and methods of manufacturing same and, 1n
particular, gate-all-around FinFET devices formed using con-
densation. This invention may, however, be embodied 1n
many different forms and should not be construed as limited
to the embodiments set forth herein.

In accordance with an embodiment of the present mven-
tion, a gate-all-around FinFET 1s formed by a process using,
thermal oxidation after a poly pull process (e.g., removal of a
sacrificial gate) 1n a replacement metal-gate flow 1n order to
condense a fin. The thermal oxidation causes a portion of the
fin to be oxidized, resulting 1n condensation of the fin at side
and bottom portions. A bottom portion of the fin 1s thereby

undercut. After removing (e.g., pulling) the sacrificial gate, a
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portion of a silicon germanium (S1Ge) fin 1s thermally oxi-
dized to form high germanium (Ge) content, until a bottom of
the fin 1s fully oxidized to condense a portion of the fin.

During subsequent stripping of the oxide portions, a por-
tion of a buried oxide (BOX) layer on which the fin 1s formed
1s also removed, resulting 1n a gap underneath the fin where a
gate structure, which forms an underside portion of a gate-
all-around structure, can be formed. In accordance with an
embodiment of the present invention, an approximately 15
nm gap 1s formed under the fin. In order to achieve the 15 nm
gap under the fin, the BOX layer 1s intentionally recessed by
about 10 nm so that the gap under the fin after condensation
and oxide removal 1s not solely determined by the oxidation
and condensation. Instead, the intentional BOX recess
increases the gap.

After high-k dielectric fill (approximately 5 nm underneath
the fin and approximately 5 nm on the oxide layer) in the
replacement metal gate process, an approximately S nm gap 1s
available for filling the fin bottom with low resistance metal
(e.g., Tungsten).

The final structure 1s a gate-all-around FinFET with large
channel perimeter, improved electrostatics over traditional
FinFETs, and anchoring underneath a spacer for reduced
external resistance.

It 1s to be understood that the various layers and/or regions
shown 1n the accompanying drawings are not drawn to scale,
and that one or more layers and/or regions of a type com-
monly used in FinFET devices may not be explicitly shown in
a given drawing. This does not imply that the layers and/or
regions not explicitly shown are omitted from the actual Fin-
FET devices. In addition, certain elements may be left out of
particular views for the sake of clarity and/or stmplicity when
explanations are not necessarily focused on the omaitted ele-
ments. Moreover, the same or similar reference numbers used
throughout the drawings are used to denote the same or simi-
lar features, elements, or structures, and thus, a detailed
explanation of the same or similar features, elements, or
structures will not be repeated for each of the drawings.

It 1s also to be understood that while the drawings and
discussion may reference formation of a single element, such
as a fin, gate, source/drain region, etc. 1n a particular step of a
process, the methods and devices disclosed herein, 1n accor-
dance with embodiments of the present invention, are used to
form a plurality of those elements in the particular step simul-
taneously, as would be understood by one of ordinary skill in
the art. To the extent required, the methods and devices dis-
closed herein, 1n accordance with embodiments of the present
invention, can also be used to form the single element 1n the
particular step 1f necessary.

The FinFET devices and methods for forming same 1n
accordance with embodiments of the present invention can be
employed 1n applications, hardware, and/or electronic sys-
tems. Suitable hardware and systems for implementing
embodiments of the invention may include, but are not lim-
ited to, personal computers, communication networks, elec-
tronic commerce systems, portable communications devices
(e.g., cell and smart phones), solid-state media storage
devices, functional circuitry, etc. Systems and hardware
incorporating the FinFE'T devices are contemplated embodi-
ments of the invention. Given the teachings of embodiments
of the mvention provided herein, one of ordinary skill 1n the
art will be able to contemplate other implementations and
applications of embodiments of the invention.

FIG. 1A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of layers 110 and 120 to
illustrate formation of an S1Ge layer 1n a method of manufac-
turing a FinFET device, according to an exemplary embodi-
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ment of the present mnvention. FIG. 1B 1s a cross-sectional
view taken along line A-A'in FIG. 1A to show a front view of

the layers 110 and 120. Referring to FIGS. 1A and 1B, a

buried insulating layer 110, such as, for example, a buried
oxide (BOX) layer, 1s located on an upper surface of a semi-
conductor substrate (not shown). A semiconductor substrate
can be, for example, a silicon-on-1nsulator (SOI) substrate or
a bulk substrate comprising semiconductor material includ-
ing, but not limited to, S1, S1Ge, S1C, S1GeC or other like

semiconductor. In addition, multiple layers of the semicon-
ductor materials can be used as the semiconductor material of

the substrate.

Referring to FIGS. 1A and 1B, a layer 120 of S1Ge 1s
formed. In the case of an SOI substrate, 1n accordance with an
embodiment of the present invention, after Si1Ge epitaxial
growth on an SOI layer, the Si1Ge/SOI bilayer 1s converted
into a single S1Ge layer 120 by, for example, thermal mixing
or condensation.

FIG. 2 A 15 a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to 1llustrate
{in formation 1n a method of manufacturing a FinFET device,
according to an exemplary embodiment of the present mnven-
tion. FIG. 2B 1s a cross-sectional view taken along line B-B'
in FIG. 2A to show a front view of the fin 121.

Fins, such as fin 121, are formed by patterning an SOI
layer, such as Si1Ge layer 120 (or a top portion of a bulk
substrate 11 one 1s used) into the fins. The SOI layer may
alternatively comprise semiconductor material other than
S1Ge including, but not limited to, S1, S1C, S1GeC or other like
semiconductor. In addition, multiple layers of the semicon-
ductor materials can be used as the semiconductor material of
the SOI layer. A hard mask 125 comprising, for example, a
high-K dielectric material, 1s formed on portions of the S1Ge
layer 120 that are to be formed 1nto the fins, and patterning 1s
performed by a method known 1n the art, for example, side-
wall 1mage transfer and etching. In accordance with an
embodiment of the present invention, fins, such as fin 121, are
patterned to be wider than usual, for example to widths of
about 18 nm-about 20 nm 1n order to compensate for the
condensation of the fins as a result of the thermal oxidation.
As shown 1n FIG. 2B, the patterning intentionally removes
portions of the BOX layer 110 onsides of the fin 121 (e.g., left
and right sides as shown 1n FIG. 2B) by about 10 nm, so that
in a subsequent step, when oxide 1s etched, a resulting gap
height will be greater than the oxide etch amount.

FIG. 3A 15 a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to illustrate
sacrificial gate and spacer formation 1n a method of manufac-
turing a FinFET device, according to an exemplary embodi-
ment of the present invention. FIG. 3B 1s a cross-sectional
view taken along line C-C' in FIG. 3A to show a front view.
Referring to FIGS. 3A and 3B, polysilicon (poly-Si1) sacrifi-
cial gate electrodes and spacers, such as sacrificial gate elec-
trode 130 and spacer 132, can be formed by, for example, a
replacement metal gate (RMG) process including sacrificial
gate lithography and patterning, and spacer formation.

In an alternative embodiment, the sacrificial gate electrode
130 1s made of, for example, an amorphous silicon material,
or other suitable maternals. The spacer 132 can comprise, for
example, nitride, a silicon oxide (S10x), boron nitride (BN),
silicon carbon nitro-oxide (S1CNO), and silicon carbon
nitride (S1CN). The sacrificial gate and spacer 130 and 132
may be formed by any suitable deposition technique known in
the art, including, but not limited to, chemical vapor deposi-

tion (CVD), plasma enhanced CVD (PECVD), physical
vapor deposition (PVD), atomic layer deposition (ALD),
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molecular beam deposition (MBD), pulsed laser deposition
(PLD), and/or liguid source misted chemical deposition
(LSMCD).

A spacer layer can be patterned by, for example, an 1sotro-
pic etching process, such as reactive 1on etching (RIE), to
form the spacer 132 along sides of a sacrificial gate electrode
130, and eventually along sides of the metal gate structure,
once the sacrificial gate electrodes are removed and replaced
by the metal gate structure. The spacer can be formed from,
for example, oxides, nitrides or a combination thereot, such
as, for example, silicon oxide, silicon nitride, silicon oxyni-
tride, boron nitride, and/or silicon boron nitride.

FIG. 4 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to 1llustrate
growth of doped source/drain (5/D) regions 136 1n a method
of manufacturing a FinFET device, according to an exem-
plary embodiment of the present invention. FIG. 4B 1s a
cross-sectional view taken along line D-D' 1n FIG. 4 A to show
a front view. Referring to FIGS. 4A and 4B, the hard mask
125 1s removed from the regions of the fin corresponding to
the S/D regions, P-type S/D Si1 with a doping density above
10°° cm™ is grown on the exposed portions of the fins as the
S/D regions 136, and the dopants are activated. As can be
seen, the S/D regions 136 are located on the fin 121 adjacent
sides of the spacer 132. The dopant introduced during epi-
taxial growth can include, for example, boron. It 1s to be
understood that the embodiments of the present invention are
not necessarily limited to the aforementioned dopant and
dopant density.

FIG. 5A 15 a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to illustrate
formation of an interlayer dielectric (ILD) layer 138 in a
method of manufacturing a FinFET device, according to an
exemplary embodiment of the present invention. FIG. 5B 1s a
cross-sectional view taken along line E-E' in FIG. 5A to show
a Tront view. Referring to FIGS. 5A and 5B, a layer of, for
example, silicon dioxide (S10,), low-temperature oxide
(LTO), high-temperature oxide (HTO), or field oxide (FOX)
1s formed on the structure 1n FIGS. 4A and 4B using a depo-
sition process, such as, for example, CVD, PECVD, PVD,
ALD, MBD, PLD, and/or LSMCD. The deposited layer 1s
planarized using a planarization process, such as, for
example, chemical mechanical polishing (CMP), to result 1n
ILD layer 138. As can be seen, the ILD layer 1s located on the
S/D regions 136 adjacent sides of the spacer 132.

FIG. 6 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to illustrate
removal of a sacrificial gate 130 1n a method of manufacturing
a FinFET device, according to an exemplary embodiment of
the present invention. FIG. 6B 1s a cross-sectional view taken
along line F-F'1in FIG. 6 A to show a front view. Referring to
FIGS. 6 A and 6B, a sacrificial gate 130 1s removed by any
suitable etching process capable of selectively removing the
sacrificial gate 130 without substantially removing material
from the spacer 132 to form a gate cavity. A channel region of
the fin 121 1includes a portion of the fin 121 between the spacer
132. The sacrificial gate 130 may be removed by, for example,
a reactive 1on etching (RIE) process, which can selectively
remove silicon to remove the sacrificial gate electrode, and,
for example, a hydrofluoric acid-containing wet etch to
remove a sacrificial gate dielectric layer.

FIG. 7A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to illustrate
formation of an oxide 1n a method of manufacturing a FinFET
device, according to an exemplary embodiment of the present
invention. FIG. 7B 1s a cross-sectional view taken along line

G-G'1n FIG. 7A to show a front view. Referring to FIGS. 7A
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and 7B, an oxide layer 142 1s deposited on spacer 132, on the
hard mask 123, and on sides of the fin 121 1n the cavity left by
removal of the sacrificial gate 130, and on top the ILD layer
138 and spacer 132 outside of the cavity left by removal of the
sacrificial gate 130, as well as on the BOX layer 110 adjacent
the fin 121. The oxide 142 can be, for example, Sift, and
deposited using, for example, CVD, PECVD, chemical solu-
tion deposition, evaporation, PVD, a spin-on technique,
ALD, or any suitable combination of these techniques. In one
example, the oxide 142 can be formed by CVD at a deposition
temperature from about 200° C. to about 500° C. In another
example, the oxide 142 1s formed by a spin-on technique.

FIG. 8 A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to 1llustrate
a thermal oxidation process 1n a method of manufacturing a
FinFET device, according to an exemplary embodiment of
the present invention. FIG. 8B 1s a cross-sectional view taken
along line H-H' 1n FIG. 8A to show a front view. Referring to
FIGS. 8A and 8B, the resultant oxide layer 142a on one side
of the 1in 121 1s omitted from the circled portion X 1n FIG. 8A
to 1llustrate that the fin 121 includes an undercut U as a result
ol condensation of the fin caused by thermal oxidation.

According to an embodiment of the present nvention,
during the thermal oxidation process, the silicon germanium
1s ox1dized and the silicon from the surface of the S1Ge fin 1s
consumed, and forms silicon dioxide (Siit), thereby condens-
ing the fin at side and bottom portions thereof, as can be seen
by the difference 1n fin size from FIG. 7B to FIG. 8B, as well
as from the undercut U 1n FIG. 8A. Accordingly, as can be
seen 1 FIGS. 7B and 8B, the resultant oxide layer 1424,
which includes oxide layer 142, 1s thicker on the side and
bottom portions of the fin 121 than oxide layer 142 due to the
thermal oxidation. By way of further explanation, 1n accor-
dance with an embodiment of the present invention, the Si
atoms 1n the S1Ge fin 121 bond with oxygen that 1s available
during the condensation process and form additional Siit. As
a result, the thickness of the fin 121 decreases because S1 1s
being converted to Siit. In addition, because only S1 bonds
with the oxygen and not Ge, the final Ge concentration in the
fin 121 1s higher than what 1t was before the condensation
pProcess.

The hard mask 125 on a top portion of the fin 121 1s oxygen
impermeable. Since an oxygen impermeable hard mask 125
1s present on a top portion of the fin 121, the fin 121 1s not
condensed from a top portion of the fin 121. However, the
oxide 142 1s oxygen permeable. Since the oxide 142 1s oxy-
gen permeable, the thermal condensation process proceeds at
side and bottom portions of the fin 121. As used herein,
“oxygen permeable” material refers to a material having an
oxygen diffusion rate that exceeds 50% of the oxygen difiu-
sion rate 1n silicon oxide formed by thermal oxidation. An
“oxygen permeable” material can have an oxygen diffusion
rate that exceeds 100% of the oxygen diffusion rate 1n silicon
oxide formed by thermal oxidation.

The condensation 1s the result of a thermal oxidation pro-
cess that 1s performed at a temperature suificient enough to
cause oxidation of the S11n the epitaxial S1Ge. In one embodi-
ment of the present invention, the thermal oxidation 1s per-
formed at a temperature from about 700° C. to about 1300° C.
In another embodiment of the present invention, the thermal
oxidation 1s performed at a temperature from about 1000° C.
to about 1200° C.

In accordance with an embodiment of the present mven-
tion, the thermal oxidation 1s performed in an oxidizing ambi-
ent which includes at least one oxygen-contaiming gas such
as, for example, O,, NO, N,O, ozone, air and other like
oxygen-containing gases. The oxygen-containing gases may
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be admixed with each other (such as an admixture of O, and
NO), or the gas may be diluted with an 1nert gas such as, for
example, He, Ar, N,, Xe, Kr, or Ne.

In accordance with an embodiment of the present inven-
tion, the thermal oxidation may be carried out for a variable
period of time. In one example, the thermal oxidation process
1s carried out for a time period from about 5 seconds to about
5> hours, depending on thermal oxidation temperature and
oxidation species. In another embodiment, the thermal oxi-
dation process may be carried out for a time period from about
5> minutes to about 30 minutes. The thermal oxidation process
may be carried out at a single targeted temperature, or various
ramp and soak cycles using various ramp rates and soak times
can be employed.

FIG. 9A 1s a cross-sectional view taken along a line parallel
to an extension direction along a side of a fin 121 to 1llustrate
stripping of the resultant oxide 142a 1n a method of manufac-
turing a FinFET device, according to an exemplary embodi-
ment of the present invention. FIG. 9B 1s a cross-sectional
view taken along line I-I' in FIG. 9A to show a front view.
Referring to FIGS. 9A and 9B, the resultant oxide 1424 1s
stripped, leaving a suspended fin 1n the channel region only. It
1s to be understood that FIG. 9B omits the stepped surfaces 1n
the circled portion of the spacer layer 132 in FIG. 9A 1n order
to emphasize the suspended configuration of the fin 121 1n the
channel region. As can be understood from FIG. 9A, the fin
121 1s supported on the BOX layer 110 1n the S/D regions so
that the fin 121 1s not actually “tloating” as shown 1n FIG. 9B.

In accordance with an embodiment of the present inven-
tion, during stripping of the resultant oxide portions 1424, a
portion of a buried oxide (BOX) layer 110 on which the fin 1s
formed 1n the channel region 1s also removed, resulting 1n a
gap 150 underneath the fin where a gate structure, which
forms an underside portion of a gate-all-around structure, can
be formed. In accordance with an embodiment of the present
invention, an approximately 15 nm gap 1s formed under the
fin. In order to achieve the 15 nm gap under the fin 121, the
BOX layer 110 1s intentionally recessed by about 10 nm as
shown 1 FIG. 2B so that the gap 150 under the fin after
condensation and oxide removal 1s not solely determined by
the oxidation and condensation. Instead, the intentional BOX
recess results 1n an increased gap 150. It 1s to be understood
that the embodiments of the present invention are not neces-
sarily limited to a 15 nm gap or a 10 nm recess, and that other
sized gaps and recesses are contemplated depending on
design constraints and/or requirements.

According to an embodiment of the present invention, the
resultant oxide 142a and the protruding portion of BOX layer
110 underneath the S1Ge fin 121 are removed by etching from
both sides, resulting 1n the gap 150 underneath the SiGe fin
121 larger than the thickness of the resultant oxide 142a. The
oxide can be stripped by using a selective etch process which
removes oxide.

FIG. 10A 1s a cross-sectional view taken along a line par-
allel to an extension direction along a side of a fin 121 to
illustrate removal of the hard mask 125 1n a method of manu-
facturing a FinFET device, according to an exemplary
embodiment of the present invention. FIG. 10B 1s a cross-
sectional view taken along line J-I' in FIG. 10A to show a
front view. Referring to FIGS. 10A and 10B, the hard mask
125 1s removed by any one of various chemical etching pro-
CEeSSes.

FIG. 11A 1s a cross-sectional view taken along a line par-
allel to an extension direction along a side of a fin 121 to
illustrate metal gate formation 1n a method of manufacturing
a FinFET device, according to an exemplary embodiment of
the present mvention. FIG. 11B 1s a cross-sectional view
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taken along line K-K' mn FIG. 11A to show a front view.
Referring to FIGS. 11A and 11B, a replacement metal gate
structure 1ncludes low resistance metal 160, such as, for
example, tungsten, zirconium, tantalum, titanium, aluminum,
ruthenium, metal carbides, metal nitrides, transition metal
aluminides, tantalum carbide, titanium carbide, tantalum
magnesium carbide, or combinations thereof, and high-K
dielectric 165 such as, for example, HIO, (hatnium oxide).
The replacement metal gate structure fills the gap 150 to
create a gate all-around structure, and may be formed using,
for example, deposition techniques such as CVD, PVD, and
ALD, sputtering, and/or plating. The gate structure 1s pla-
narized using, for example, CMP.

FIG. 12A 1s a cross-sectional view taken along a line par-
allel to an extension direction along a side of a fin 121 to
illustrate S/D contact formation in a method of manufacturing
a FinFET device, according to an exemplary embodiment of
the present mvention. FIG. 12B 1s a cross-sectional view
taken along line L-L' in FIG. 12A to show a front view.
Referring to FIGS. 12A and 12B, vias are etched into the ILD
layer 138 down to the S/D regions 136, and the vias are filled
with a conductive metal to form contacts 170. The contacts
170 can be, for example, an elemental metal (e.g., tungsten,
titanium, tantalum, aluminum, nickel, ruthenium, palladium
and platinum), an alloy of at least two elemental metals, an
clemental metal nitride (e.g., tungsten nitride, aluminum
nitride, and titanium nitride), an elemental metal silicide (e.g.,
tungsten silicide, nickel silicide, and titantum silicide) or
multilayered combinations thereof. The metal contacts 170
can be formed utilizing a deposition process including, for
example, chemical wvapor deposition (CVD), plasma
enhanced chemical vapor deposition (PECVD), physical
vapor deposition (PVD), sputtering, atomic layer deposition
(ALD) and other like deposition processes. When a metal
silicide 1s formed, a conventional silicidation process 1s
employed.

Although illustrative embodiments of the present invention
have been described herein with reference to the accompany-
ing drawings, 1t 1s to be understood that the invention 1s not
limited to those precise embodiments, and that various other
changes and modifications may be made by one skilled 1n the
art without departing from the scope or spirit of the invention.

We claim:

1. A method for manufacturing a fin field-effect transistor
(FinFET) device, the method comprising:

patterming a first layer on a substrate to form at least one fin;

patterming a second layer under the first layer to remove a

portion o the second layer on sides of the at least one fin;
forming a sacrificial gate electrode on the at least one fin,
and a spacer on the sacrificial gate electrode;
selectively removing the sacrificial gate electrode;
depositing an oxide layer on top and side portions of the at
least one fin corresponding to a channel region of the at
least one fin;
performing thermal oxidation to condense the at least one
fin 1n the channel region until a bottom portion of the at
least one fin 1s undercut; and

stripping a resultant oxide layer from the thermal oxida-

tion, leaving a gap in the channel region between a
bottom portion of the at least one fin and the second
layer.

2. The method of claim 1, wherein a portion of the second
layer under the at least one {in 1s removed during the stripping,
and the removed portion of the second layer under the at least
one {in forms part of the gap.
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3. The method of claim 2, further comprising depositing a
replacement gate structure around the at least one fin, includ-
ing on an underside of the at least one fin 1n the gap.

4. The method of claim 1, wherein the gap 1s larger than an
amount by which the at least one fin 1s undercut.

5. The method of claam 1, wherein the condensation
reduces a width of the at least one fin.

6. The method of claim 1, further comprising forming a
hard mask on the first layer prior to patterming the first layer,
wherein the hard mask corresponds to a portion of the first
layer forming the at least one {in.

7. The method of claim 6, wherein the hard mask prevents
condensation of the at least one fin at a top portion of the at
least one fin.

8. The method of claim 1, further comprising epitaxially
growing source/drain regions on the at least one fin adjacent
sides of the spacer.

9. The method of claim 1, further comprising forming an
interlayer dielectric layer on the source/drain regions prior to
deposition of the oxide layer.

10. The method of claim 1, wherein the oxide layer 1s
oxygen permeable.

11. The method of claim 1, wherein the first layer com-
prises silicon germanium.

12. The method of claim 1, wherein the second layer com-
prises a buried oxide layer.

13. A method for manufacturing a fin field-effect transistor
(FinFET) device, the method comprising:

patterning a first layer on a substrate to form at least one fin;

forming a sacrificial gate electrode on the at least one fin,
and a spacer on the sacrificial gate electrode;

selectively removing the sacrificial gate electrode;

depositing an oxide layer on top and side portions of the at
least one {in corresponding to a channel region of the at
least one fin;

performing thermal oxidation to condense the at least one
fin 1n the channel region until a bottom portion of the at
least one fin 1s undercut; and

stripping a resultant oxide layer from the thermal oxida-
tion, leaving a gap in the channel region between a
bottom portion of the at least one fin and a second layer
under the at least one fin.

14. The method of claim 13, wherein a portion of the
second layer under the at least one fin 1s removed during the
stripping, and the removed portion of the second layer under
the at least one {in forms part of the gap.

15. The method of claim 13, further comprising depositing
a replacement gate structure around the at least one fin,
including on an underside of the at least one fin 1n the gap.

16. The method of claim 13, wherein the gap 1s larger than
an amount by which the at least one fin 1s undercut.

17. The method of claim 13, further comprising forming a
hard mask on the first layer prior to patterming the first layer,
wherein the hard mask corresponds to a portion of the first
layer forming the at least one {in.

18. The method of claim 17, wherein the hard mask pre-
vents condensation of the at least one fin at a top portion of the
at least one fin.

19. The method of claim 13, wherein the oxide layer 1s
oxygen permeable.
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